Introduction
Although it has long been known that the visual cerebral cortex is subdivided into many distinct hierarchically organized areas, it remains unclear whether certain regions of the visual cortex are more tightly coupled to perception. The demonstration that neurons in later stages of visual cortex have more complicated response properties than those in early stages led to the suggestion that perceptions may depend on the activity of relatively few neurons in the higher visual cortex [16, 17] . Recent measurements of the activity of individual neurons support the idea that later stages are more tightly associated with perception. For example, correlations between the responses of single cells and perceptual reports are stronger in later stages of cortex during binocular rivalry (see [1] ), during detection or discrimination of direction [2] [3] [4] [5] or binocular disparity [6] , and during viewing of anticorrelated random-dot stereograms [7, 8] . Imaging studies in humans have similarly found that the changes in signals related to rivalry are weaker in V1 than in later stages of the visual cortex (see [1, 9] ).
On the other hand, results from functional imaging, transcranial magnetic stimulation, and lesion studies have been used to argue either that perception can depend specifically on neurons in the earliest levels of the visual cortex [10] [11] [12] [13] [14] [15] or that neurons in all parts of the visual cortex can contribute equally to perception [18, 19] . In still another formulation, it has been suggested that neuronal activity in the ventral stream of processing is more important for visual experience than activity in the dorsal stream [20] .
To directly explore whether some cortical areas can more readily generate percepts than others, we have measured behavioral thresholds for detecting electrical microstimulation in a range of areas spanning all levels of the visual cortex. It has long been known that electrical microstimulation of a site in or near V1, the first stage of the visual cortex, can produce a specific, repeatable visual percept, called a phosphene ( [21] [22] [23] , see [24] ). Electrical stimulation of later stages of the visual cortex can produce more elaborate visual or multimodal experiences [25] . If neuronal signals in some cortical areas are more tightly linked to perception, smaller changes in activity in those areas, relative to others, may suffice to create detectable percepts. Thus, thresholds for detecting electrical microstimulation are expected to be lower in those areas.
Microstimulation thresholds have been measured in monkey V1 [26, 27] and at a few sites in extrastriate visual cortex [28] . However, threshold measurements in previous experiments may have been substantially influenced by the criteria subjects used for determining whether they would report that they perceived something [29] . Internal response criteria could vary greatly for percepts arising from stimulation at different sites, depending on whether they appear more or less natural. This would increase the variance of thresholds within an area and produce systematic offsets between thresholds for different areas. We describe here the first measurements of cortical-microstimulation thresholds by using methods that essentially eliminate the effects of the subject's criterion and thus allow measurements from different brain regions to be compared directly.
Results
Two rhesus monkeys (Macaca mulatta) were trained to do a two-alternative temporal forced-choice task (Figure 1) . During each trial, the animal fixated on a small white spot centered on an unstructured gray background. While the animal fixated, two sequential 250 ms intervals were presented, each marked by a tone. A stimulus was delivered during one of the intervals, which was randomly selected for each trial. Shortly after the end of the second interval, two targets appeared, *Correspondence: maunsell@hms.harvard.edu above and below the fixation spot. The animal indicated which interval contained the stimulus by making a saccade directly to the appropriate target-up for interval one; down for interval two. Thus, the animals reported only the detection of the stimulus, not the apparent location or other properties of the percept. Each animal was initially trained with small, peripheral, low-contrast visual stimuli. During data collection, cortical microstimulation with a metal microelectrode replaced the visual stimulus. Behavioral-detection thresholds were measured in V1, V2, and the anterior inferotemporal cortex (IT) in both animals. Additionally, we measured thresholds in V3A and the middle temporal area (MT) in the second animal. For each visual area examined, both monkeys required a period of up to a few days of training during which microstimulation-detection thresholds fell and stabilized. After thresholds had stabilized for an area, we attempted to sample uniformly from all layers of the cortex, with successive stimulation sites typically separated by 250 mm (and by no less than 190 mm).
The animals detected microstimulation with low currents at every site tested in visual cortex, with each site yielding a well-formed psychometric function (Figure 2) . Threshold for each site was taken as the current that yielded 82% correct detection (see Experimental Procedures).
Threshold distributions for the different areas are plotted in Figure 3 . Although we sampled from all layers, there was little variance in the distribution for each area. The average coefficient of variation for the threshold distributions in Figure 3 was 0.18. Moreover, thresholds were highly consistent for the two subjects. The median thresholds for V1 for the two animals were 5.2 and 6.6 mA (interquartile ranges: 4.4-6.4 and 5.2-8.6 mA). Current pulses in this range (<10 mA) should directly excite neurons over no greater than a 100 mm radius [27, 30] , a small fraction of the thickness of the macaque cortex. Although the anatomy of V2 is quite distinct from V1, thresholds in V2 differed only slightly (1.23 and 1.33 greater those in V1 for the two animals). Thresholds for IT were somewhat higher (2.03 and 1.73 those in V1 for the two animals). In the second animal, Figure 1 . Two-Alternative Forced-Choice Task During fixation, a stimulus was delivered during one of two 250 ms time intervals that were marked by auditory tones and separated by 500 ms. Two-hundred and fifty milliseconds after the end of the second interval, two response targets appeared, and the animals indicated which interval contained the stimulus by making a direct saccade to the appropriate target (target 1 for period 1). The electrical stimuli were 250 ms trains of constant current pulses at 200 Hz, with the current randomly selected on each trial. Behavioral performance at a V1 site. Fifty repetitions of each of ten currents were delivered in random order. The points show the average performance (61 SE), and the curve is the best-fitting psychometric function (see Experimental Procedures). Threshold at each site was taken as the current corresponding to 82% correct performance on this curve (dashed lines). we also measured thresholds in areas V3A and MT, which lie in the dorsal pathway. Thresholds in those areas were intermediate, consistent with their position in the hierarchy of cortical areas [31] . Overall, detection thresholds throughout the visual cortex increased progressively from V1 to later stages. The differences between thresholds across areas were highly significant for both animals (p < 10 213 and p < 10 210 ; Kruskal-Wallis test). Nevertheless, the changes were moderate, with substantial overlap in the distributions for all areas and both animals reliably detecting 25 mA currents at virtually every site tested.
The psychometric-detection function is characterized by a slope in addition to a threshold. Shallower slopes are associated with less sensitivity or greater noise and might be expected for stimulation sites that are further from a site of detection. Figure 4 illustrates the distribution of slopes for sites with dependable slope estimates (see Experimental Procedures). Only for animal 2 was there a significant difference in slope across cortical areas (p < 10
24
; Kruskal-Wallis test), and neither animal had a significant correlation between slope and rank in the cortical hierarchy (p > 0.32). Overall, the slopes of the psychometric functions did not suggest that particular cortical visual areas exercise special privilege in supporting percepts.
We tested for statistically significant correlations between threshold or slope and (1) depth in penetration (laminar differences), (2) time in data-collection course for a given area (perceptual learning), and (3) time in day (learning or adaptation within a day). We also examined the relationship between threshold and slope, which are correlated when steeper slopes are achieved by suppressing responses to weak signals (''squelching,'' see [32] ). These seven tests were based on a correlation coefficient generated from a least-squares fit of the data (p < 0.05 with Bonferroni correction). Across all the areas in both subjects, this amounted to 56 tests, of which a few reached statistical significance. However, the significant correlations followed no obvious pattern; threshold versus time in data-collection course for V1 in animal 1, r = 20.60 (p < 10 27 ) and threshold versus depth in penetration for IT in animal 1, r = 20.53 (p < 0.0001); threshold versus time in day for V3A in animal 2, r = 20.48 (p < 0.0003); and threshold versus depth in penetration for V3A in animal 2, r = 20.46 (p < 0.0007). Both subjects had slightly higher thresholds in the superficial layers of V1 (sites <1.0 mm below the cortical surface), but the difference was small and significant only for one animal (animal 1 was 27% higher, p = 0.18; animal 2 was 18% higher, p = 0.0001). For those areas in which the center of the multiunit receptive field was precisely mapped (V1, V2, and V3A), there was no correlation between receptive-field eccentricity and the threshold or slope of the detection function.
Discussion
We have found that thresholds for detecting electrical microstimulation are similar across the visual cerebral cortex and rise slowly and progressively in successive stages. There are several reasons these results must be interpreted with caution, however. First, although microstimulation makes it possible to measure the effects of changing the activity of neuronal elements in a single, identified cortical area, it does not create patterns of activity like those during normal vision. Although we modulated cortical activity arising from normal visual stimulation (viewing a fixation spot on an otherwise blank display), it remains possible that thresholds might have been different if it were possible to artificially activate spatial patterns of activity more closely resembling those created by visual stimuli. Second, it is possible that a close link between neuronal activity and perception in later stages was counterbalanced by unidentified factors that raised thresholds for detecting microstimulation in those areas. Finally, although thresholds were lower in earlier visual areas, it is possible that those thresholds were mediated by indirect, convergent activation of neurons in the highest levels of the visual cortex. Conversely, it is possible that thresholds in later stages were mediated by indirect activation of neurons in V1 (this would explain why thresholds rose in later stages). However, obligatory activation of either the earliest or latest areas seems unlikely given the overlap in threshold and slope distributions found at opposite extremes of the visual cortex. Additionally, a recent study involving combined electrical microstimulation with Although uncertainties remain about how microstimulation leads to perception, the overlapping threshold distributions for behavioral responses to microstimulation across different visual areas suggest that activation of a comparable number of neurons in any visual area suffices for generating a behaviorally detectable signal. They do not support the idea that later stages are more closely linked to perception or that earlier stages have a distinctly privileged role. Similarly, the results from V3A and MT suggest that areas in the dorsal pathway are not inferior to areas in the ventral pathway in their ability to support percepts. Our results are more consistent with the idea that neuronal signals anywhere in the visual cortex have comparable capacity for contributing to perceptual decisions and that performance on a particular visual task is based most directly on those neurons that provide the most reliable signals for that task, regardless of their position in the cortical visual hierarchy [19, 33] .
The origin of the systematic changes in thresholds from V1 to IT remains unclear. Because we always tested in a sequence from V1 to IT, better performance in earlier stages cannot be because of the animals' learning how to generalize to new percepts. Several anatomical differences mirror the progressive increases we found, including the spread of intrinsic connections [34, 35] , the size of pyramidal cell bodies, and the extent and complexity of their dendritic fields [36] . On the other hand, the fact that the radically different architecture and thalamocortical inputs of V1 are not associated with markedly different thresholds suggests that thresholds are not greatly affected by details of cortical architectonics.
Further experiments will be needed to explain the disparity between the current results and previous studies that suggested that later stages in visual cortex are more closely linked to perception. One possibility is that previous studies involved visual functions that are specifically mediated by those regions of the cortex. For example, studies of rivalry may have found closer correlations between neuronal activity and perceptual reports in the later visual cortex because later stages play a special role in rivalry. Because lesions restricted to higher stages in the cortical hierarchy do not affect performance on simple discrimination tasks [37, 38] , it is possible that tasks involving simple visual attributes or those involving precise spatial localization, such as hyperacuity, might reveal stronger correlations between behavior and neuronal activity in intermediate or early areas.
The detection thresholds we found in V1 are comparable to those found in an earlier study of detection of microstimulation in monkey V1 [26] and are comparable with thresholds for microstimulation with chronically implanted microelectrodes near V1 in a human subject [39] . We found less variance in the thresholds of different stimulation sites, probably owing to the use of a forcedchoice design. Other studies in monkeys [30] and humans [40] have described higher thresholds for generating a behavioral response in the superficial layers of V1, as we describe here. In contrast, DeYoe and his colleagues [26] reported that the lowest detection thresholds in monkey V1 are found in the superficial layers. This discrepancy may arise from differences in behavioral tasks or stimulation protocols.
The current results are relevant to experiments that explore how microstimulation affects the perception of visual stimuli (e.g., [41] [42] [43] ). These studies seek to perturb perception without the animal knowing when the electrical stimulus was delivered, but currents used are often higher than those that were reliably detectable here. In our task, microstimulation was detected while the monkeys viewed a blank display, and it is possible that higher currents would be needed to detect microstimulation in conjunction with visual stimuli (but see [22] ). Nevertheless, these other microstimulation studies must be carefully interpreted because they could have been influenced by an induced percept, either visual or otherwise [44] . Our results raise questions about interpretations that specifically argue against the detection of microstimulation during particular tasks [45] .
Finally, we note that much of the work on developing neural prostheses has focused on stimulation of primary sensory and motor areas. The relatively uniform detection thresholds found in the visual cortex and similarly low detection thresholds described in the somatosensory and prefrontal cortex [46] raise the possibility that most regions of the neocortex might be exploited for evoking percepts.
Experimental Procedures
All experiments conformed to protocols approved by the Baylor College of Medicine Institutional Animal Care and Use Committee.
Electrical Stimulation
The electrical stimulus was a train of constant current 200 ms biphasic pulses delivered at 200 Hz for 250 ms through a Pt/Ir electrode (w0.2-1.5 MU at 1 kHz). At each cortical stimulation site, 50 repetitions of six to ten current levels spanning behavioral threshold were tested in a randomly interleaved order. All currents are given as the pulse amplitude (not peak-to-peak). In both animals, we collected data first from V1 and then sampled areas in hierarchical order [31] , ending with IT. We typically stimulated at many regularly spaced sites along one electrode penetration each day. In animal 1, we found that thresholds began to rise over the course of 13 penetrations in a small region of V1. We excluded those data from analysis and limited sampling density for the data reported here.
Identifying Visual Areas V1, V2, MT, and IT were targeted with sulcal landmarks in structural MR images and stereotaxic locations [47] . Their locations were confirmed with response properties and receptive-field locations and sizes. Recordings were made from the general area of V3A on the anterior bank of the lunate sulcus, but because it lacks response properties or a topographic organization that can distinguish it from V3 [48] , it is possible that some putative V3A sites may have been in V3. Because most penetrations were in a region that included receptive fields in the superior contralateral quadrant, we strongly suspect that all the sites were in V3A.
Psychometric Functions
Neither animal had an obvious response bias. During data collection, interval 1 was selected 52% of the time by animal 1 and 47% of the time by animal 2. Behavioral responses on the two-alternative forced-choice detection task were fit to the cumulative Weibull function [49] : p = 1 2 g 2 ðg + 0:5Þe
The parameter a is the current yielding to 82% correct responses and was taken as the threshold. The parameter b determines the steepness (slope) of the function. Sites were excluded from the analysis of slopes if fewer than two sampled currents fell between 55 and 95% correct on the best fitting function, because those cases tended to have artificially high slopes.
